Abstract: Models relating chlorophyll to nutrients and Secchi depth to chlorophyll using data from nearshore coastal waters of Florida were successfully developed. The models suggest that phosphorus is the primary limiting factor for phytoplankton in the nearshore coastal waters of Florida and that total phosphorus concentration accounts for 81% of the variance in chlorophyll concentration. The models also show that chlorophyll is the dominant factor determining Secchi depth in nearshore coastal waters of Florida and that chlorophyll concentrations account for 68% of the variance in Secchi depth. Thus, these models are robust and should be useful for eutrophication management of Florida's coastal marine systems. The models developed with data from nearshore coastal waters of Florida are similar to models developed for freshwater lakes in Florida, but the amount of chlorophyll per unit of phosphorus and Secchi depth per unit of chlorophyll are both significantly less for marine samples. This suggests that the chlorophyll to biovolume ratios in the nearshore coastal waters of Florida are less than in freshwater systems of Florida. Therefore, nutrient to chlorophyll and chlorophyll to Secchi depth models developed for freshwater systems are probably ill suited for use in Florida's marine systems.
Introduction
Strong relationships between phosphorus, chlorophyll, and water clarity have been observed and reported for freshwater systems around the world (e.g., Sakamoto 1966; Brown et al. 2000) . Moreover, there has been a suite of both small-and large-scale experiments implicating phosphorus as the primary nutrient limiting primary production in many, if not most, freshwater systems (see e.g., Schindler 1975) . The generality of the relational data coupled with the experimental findings has lead to the development of empirical loading models to predict in-lake phosphorus concentrations as a function of annual phosphorus load, adjusting for differences in lake morphometry and hydraulic residence time (e.g., Vollenweider 1976; Canfield and Bachmann 1981) . These models have been the principle tools of lake managers concerned with eutrophication issues over the last 30 years.
With regard to lakes, phosphorus concentrations are typically calculated with phosphorus loading models, and the calculated phosphorus concentrations are, in turn, used in regression models to estimate chlorophyll concentrations. As chlorophyll concentrations are, in many cases, strongly related to water clarity as measured by Secchi depth, the chain of relations allows for a determination of how much nutrient needs to be controlled to achieve a specified reduction in chlorophyll and concomitant increase in water clarity. This general approach has been successful in eutrophication management for many lakes in both Europe and North America (e.g., OECD 1982; Cooke et al. 1993) , although it has not been widely applied to the management of coastal marine systems.
Eutrophication of estuaries and coastal waters is, relative to lakes, a recent problem (Smith et al. 1999; Cloern 2001) , though global in scope (Nixon 1995) . The possibility of applying an empirically based modeling approach to marine systems to facilitate nutrient-related management strategies was first considered by Vollenweider (1992) , and the development of such a modeling framework was a major recommendation of a recent U.S. national nutrient assessment workshop (U.S. EPA 1996). Meeuwig et al. (2000) subsequently used a total phosphorus mass balance model and a total phosphorus and chlorophyll model to accurately predict chlorophyll concentrations in 19 Finnish estuaries. Similar success was had using data from 15 estuaries in Prince Edward Island (Meeuwig 1999) . These studies clearly suggest a potential for the use of empirically based models that predict the consequences of increased nutrient loading to estuaries and coastal marine waters. Unfortunately, there are a limited number of such models in existence. A major objective of this work was to develop nutrientchlorophyll and chlorophyll -water clarity models using broad-scale survey data collected from nearshore coastal waters around Florida. Because research on the eutrophication of freshwater systems is well advanced compared with that of marine systems, we also compared the models that we developed with existing freshwater models to determine if freshwater models could be applied to coastal systems.
Methods
Between October 2000 and July 2001, surface water (0.5 m) samples were collected on three separate dates (for most sites) from 300 sites located around the entire coast of Florida (Fig. 1) . All sampling sites were located within 10 km of shore and some were within the intercoastal waterways of Florida. On each date and at each sampling station, dissolved oxygen concentration (mg·L -1 ), temperature (°C), and salinity (‰) were measured in situ with a hand-held meter (model 85; Yellow Springs Instrument Company Inc., Yellow Springs, Ohio). Water clarity was also measured on each visit with a Secchi disk (m), and the actual water depth was recorded.
Surface water samples were collected in acid-cleaned bottles and transported on ice to the laboratory where they were analyzed for total phosphorus (µg·L -1 ), total nitrogen (µg·L -1 ), chlorophyll (µg·L -1 ), and color (Pt-Co units). Following persulfate digestion (Menzel and Corwin 1965) , total phosphorus concentrations were determined using the procedures of Murphy and Riley (1962) . Total nitrogen concentrations were determined from whole water samples by oxidizing water samples with persulfate and determining nitratenitrogen concentrations with a Bran-Luebbe (Houston, Tex.) autoanalyzer with a cadmium column reduction method (APHA 1989) . Surface water chlorophyll concentrations were measured by filtering water through a 47-mm type A/E glass-fiber filter (Pall Corporation, Ann Arbor, Mich.) in the field. Subsequently, filters were stored over silica gel desiccant and then frozen before analysis. Chlorophyll was extracted with a hot ethanol method described by Sartory and Grobbelarr (1984) , and chlorophyll concentrations were determined spectrophotometrically (Method 10200 H; APHA 1989). Color was determined spectrophotometrically on filtered water samples (APHA 1989).
Of the total 300 sites, 259 were sampled on three different dates, 35 were sampled on only two dates, and six sites were sampled on four dates. All data were averaged by site and the means were used for model development. All data were log 10 -transformed before statistical analyses to accommodate heterogeneity of variance (Snedecor and Cochran 1967) . Computations were performed with the aid of a statistical software package (SAS Institute 2000) , and statements of statistical significance imply p < 0.05 unless otherwise stated.
Results and discussion
The 300 sites sampled for this project covered almost all of the nearshore coastal waters around Florida (Fig. 1) . All of the sites were within about 10 km of land with an average depth of 4.6 m ( Table 1 ). The average salinity at the sites was 32‰, and average salinity was less than 10‰ at only 5 of the 300 sites. Samples were collected during both winter (2000) and summer (2001) (Brown et al. 2000) . Chlorophyll concentrations averaged 3.7 µg·L -1 , which was also less than the average of 23 µg·L -1 reported for Florida lakes (Brown et al. 2000) .
Total phosphorus alone accounted for 81% of the variance in chlorophyll concentrations of nearshore coastal Florida waters, whereas nitrogen alone accounted for only 44% of the variance in chlorophyll concentrations (Table 2) . These percentages are similar to those reported for Florida lakes (Table 2) , where total phosphorus alone accounted for 76% of the variance in chlorophyll concentrations and total nitrogen accounted for only 46% of the variance in chlorophyll concentrations. Thus, the phosphorus-chlorophyll models presented for Florida's nearshore coastal waters (Table 2) are as robust as those developed for lakes and suggest that phosphorus accounts for more variance in chlorophyll than in nitrogen in both systems. Although nitrogen has been shown to limit algal populations in both freshwater and coastal systems (Elser et al. 1990; Downing 1997) , the data presented here suggest that phosphorus is the primary nutrient limiting algal populations among the 300 nearshore coastal locations sampled in this study. We recognize, however, that some of these 300 stations may at some times be limited by nitrogen. Nevertheless, phosphorus explains most of the variance in chlorophyll concentrations among all 300 sites.
Chlorophyll accounted for 68% of the variance in Secchi depth for Florida's nearshore coastal waters, whereas color accounted for only 45% of the variance in Secchi depth (Table 2). Color has the potential to impact water clarity more in Florida lakes than in coastal waters because color values are generally higher in the lakes, as we indicated earlier. Therefore, to compare chlorophyll-Secchi and color-Secchi relationships for the nearshore coastal waters of Florida and Florida lakes, we selected a set of Florida lakes (n = 297) that averaged color values less than 32 Pt-Co units. We selected a maximum of 32 Pt-Co units for the lake data because 97.5% of the nearshore coastal sites had color values less than 32 Pt-Co units. As in the nearshore coastal sites, chlorophyll accounted for 72% and color accounted for 49% of the variance in Secchi depth among the 297 Florida lakes with color values less than 32 Pt-Co units. Thus, chlorophyllwater clarity models (Table 2) for nearshore coastal waters are as robust as those developed for lakes, and chlorophyll accounts for more variance in Secchi depth than does color.
The similarity in the relationships above for coastal marine and freshwater lakes (see Table 2 ) is intriguing. The data indicate clearly that phosphorus in both nearshore coastal waters and lakes of Florida accounts for most of the variance in chlorophyll concentrations and suggest that phosphorus is likely the primary nutrient limiting phytoplankton production in both. Canfield (1983) and Brown et al. (2000) have previously stated that phosphorus is the primary limiting nutrient in Florida lakes, and as the total nitrogen to total phosphorus ratio moves below 10, nitrogen may become limiting. It is generally assumed, however, that nitrogen is the primary limiting nutrient for phytoplankton production in most coastal waters (Downing 1997) . There are few empirical data or direct experimental results to corroborate this for Florida's coastal environment, and the data reported here suggest otherwise.
Although the nature of the relationship between total phosphorus and chlorophyll is similar for both freshwater lakes and coastal marine waters in Florida (slopes and r the resultant regression equations appeared different for the two system types. Analysis of covariance shows that indeed both the slopes and the intercept for these relations are different. Importantly, the intercept for nearshore coastal waters was much less than the respective intercept in the lake model. To examine this difference further, we plotted the maximum and the mean chlorophyll response equations published by Brown et al. (2000) on the total phosphorus and chlorophyll data collected for both studies (Fig. 2) . All of the nearshore coastal data fall well below the maximum response equation, and all but five sites fall well below the mean response equation. Thus, although the amount of variance in chlorophyll concentrations accounted for by total phosphorus is similar, it appears that the amount of chlorophyll per unit of phosphorus is much less in the nearshore coastal water than in the freshwater lakes of Florida. In freshwater lakes, when the chlorophyll response per unit of phosphorus is below published averages, researchers often suggest that nitrogen may be the nutrient most limiting chlorophyll concentrations and note that this usually occurs when the total nitrogen to total phosphorus ratio (by weight) falls below 10 (e.g., Sakamoto 1966; Smith 1982) . As marine scientists and oceanographers typically prefer to examine molar ratios of nitrogen to phosphorus, we note that atomic N to P ratios less than 16 (equivalent to 7 by weight) are generally considered nitrogen limited in marine systems (e.g., Heckey and Kilham 1988; Downing 1997) . To further examine the relationship between and nitrogen and phosphorus for the nearshore coastal waters of Florida, we plotted total phosphorus (µg·L -1 ) against total nitrogen (µg·L -1 ) and placed a line on the graph representing a total nitrogen to total phosphorus ratio of 10 by weight (Fig. 3) . The vast majority of the sites have annual average total nitrogen to total phosphorus ratios greater than 10 and almost all would exceed a ratio of 7, suggesting as do the models (Table 2) , that phosphorus may be the primary limiting nutrient for phytoplankton at most sites. The high N to P ratios do not explain, however, why the chlorophyll yield per unit of phosphorus is so low (Fig. 2) .
High concentrations of inorganic suspended solids and color can cause light limitation and have been shown to suppress chlorophyll concentrations per unit of phosphorus in freshwater lakes (Hoyer and Jones 1983; Brown et al. 2000) . The impacts of the inorganic suspended solids and color, however, generally occur at higher chlorophyll concentrations, resulting in extremely low Secchi depths. This was not Table 2 . Empirical models and summary statistics describing the association of annual average nutrient and chlorophyll concentrations, Secchi depth and chlorophyll, and color (Pt-Co) and total phosphorus values using data from the nearshore coastal waters of Florida and Florida freshwater lakes (Brown et al. (2000) and M.V. Hoyer, unpublished data).
Fig. 2. Relations between total phosphorus and chlorophyll for 300 nearshore Florida coastal sites (solid circles) and 533
Florida lakes (open circles, Brown et al. 2000) . The uppermost regression line is the maximum chlorophyll response to phosphorus reported for Florida lakes (Brown et al. 2000) . The other two lines represent the linear regressions for each data set. Analysis of covariance indicates that both the slopes and the intercepts of these regressions are significantly different (p = 0.05).
observed in the nearshore coastal data reported here. The average Secchi depth for all 300 sites was 2.1 m (Table 1) , and color values for all 300 sites averaged only 8 Pt-Co units. Thus, it is highly unlikely that inorganic suspended solids or color could be suppressing the amount of chlorophyll per unit of phosphorus in the nearshore coastal waters of Florida.
A high flushing rate of freshwater aquatic systems impacts chlorophyll concentrations by washout or removal of phytoplankton before algal standing crop reaches levels determined by concentrations of limiting nutrients (Swanson and Bachmann 1976; Soballe and Kimmel 1987) . High flushing has also been shown to suppress algal biomass in the York River estuary (Sin et al. 1999 ) and the Hudson River estuary (Howarth et al. 2000) . A mechanism explaining this suggests that water from springs or rainfall with few or no algal cells needs time for the algal cells to grow and exploit available nutrients in the water. Thus, as the water ages, algal cells eventually reach a level where some nutrient or other factor limits further growth. Bioassays from 20 Florida rivers suggest that it takes from 3 to 7 days to reach this level (Canfield and Hoyer 1988) . All of the sites for this study are considerably distant from the headwaters of any river or spring run (Fig. 1) . The sites also have an average salinity of 32‰, suggesting that freshwater has mixed with marine water and that the water we sampled probably had 3-7 days for algal populations to reach some level determined by nutrients or some other limiting factor. Therefore, it is unlikely that flushing rates are suppressing the chlorophyll per unit of phosphorus in the nearshore coastal waters of Florida.
Zooplankton and shellfish have both been shown to decrease chlorophyll concentrations in lakes and estuaries (Quiros 1990; Meeuwig et al. 1998) . Thus, differential levels of top-down control on algal populations are another possible explanation for the low chlorophyll concentrations per unit of phosphorus observed in nearshore coastal waters. The whole body of nearshore coastal chlorophyll data, however, is suppressed below that of Florida lakes (Fig. 2) per unit of phosphorus, suggesting that if top-down control is occurring than it is occurring around the whole state of Florida. This would be inconsistent with areas that are devoid of shellfish or areas in the nearshore coastal waters that have large populations of planktivores (Florida Marine Research Institute 2001) that would minimize any impacts of zooplankton grazing. These areas should then have higher chlorophyll per unit of phosphorus, which is not observed in any of the 300 nearshore coastal sites.
As nitrogen, suspended solids, color, flushing rate, or topdown control are not likely factors responsible for the suppression of chlorophyll per unit of phosphorus in the nearshore coastal waters of Florida, other alternatives must be explored. One possible hypothesis to explain the relatively low chlorophyll yield per unit phosphorus is that the chlorophyll per unit biomass of algal cells is less in nearshore coastal waters than in lakes of Florida. The use of chlorophyll as an indicator of algal biomass can be problematic, however, because the ratio of chlorophyll to biomass or biovolume varies among species, systems, and environmental conditions (Heyman and Lundgren 1988; White et al. 1988; Kalchev et al. 1996) . Nevertheless, if the chlorophyll to biomass ratio in nearshore coastal waters of Florida is significantly less than the chlorophyll to biomass ratio in freshwater lakes, this may explain the low yields of chlorophyll per unit of phosphorus in nearshore coastal waters (Fig. 2) , and we can still assert that phosphorus is likely the primary limiting factor for phytoplankton in the nearshore coastal waters. On the other hand, if the chlorophyll to biomass ratios in nearshore coastal waters is the same as those in lakes, then some other factor is needed to explain the suppression of chlorophyll per unit phosphorus.
To examine this possibility further, we compared the models relating Secchi depth to chlorophyll for nearshore coastal waters and freshwater lakes (Table 2 ). An analysis of covariance shows that both the slope and intercept are significantly different. Looking at the plotted data for both systems (Fig. 4) , it is easy to see that the Secchi depth per unit of chlorophyll in the nearshore coastal waters is less than that in Florida lakes. If the chlorophyll to biomass ratio was the same for both systems, then the Secchi depths per unit of chlorophyll should overlap considerably because the algal populations are the dominant factors determining water clarity in both systems (Table 2) .
Following similar logic, we compared the models relating Secchi depth to total phosphorus for nearshore coastal waters and freshwater lakes (Table 2 ). An analysis of covariance shows that both the slope and intercept are not significantly different. Looking at the plotted data for both systems (Fig. 5) , it is easy to see that the Secchi depth per unit of phosphorus in the nearshore coastal and Florida lakes overlap almost completely. Assuming algal cells are the dominate factor determining Secchi depth in both systems and that phosphorus is the primary limiting factor, which we discussed earlier, then Secchi depth per unit of phosphorus should exhibit considerable overlap. If some other factor (other than phytoplankton) was suppressing Secchi depth in nearshore coastal waters, then the Secchi depths per unit of phosphorus in the coastal waters should be suppressed similar to the Secchi -chlorophyll models (Fig. 4) . These data strongly suggest that the chlorophyll to biomass ratio of algal cells in nearshore coastal waters is less than that in freshwater lakes.
Additional data provide further support that chlorophyll to biomass ratios in nearshore coastal waters are less than in Florida lakes. Suspended solids and chlorophyll data, both from marine and freshwater systems, are provided in Table 3. The median values for the ratio of chlorophyll to volatile suspended solids in saltwater marsh, estuary, and gulf coast habitats were 0.3, 0.4, and 0.3, respectively (T.K. Frazer, unpublished data). The median values for the same ratio in four freshwater systems (Kings Bay, Florida (Hoyer et al. 2001) , Lake Istokpoga, and Lake Hatchineha, Florida (Lamb 2000) ) and 53 Missouri reservoirs (Hoyer and Jones 1983) are much higher at 5.3, 3.5, 5.8, and 4.8, respectively. The difference is large enough that the upper 90th percentile for the marine data does not overlap with the lower 10th percentile of the freshwater data (Table 3) .
Many factors could impact the ratio between chlorophyll and volatile suspended solids, especially the presence of organic matter other than algal cells. However, chlorophyll and color account for a large percent of Secchi depth variance in both nearshore coastal waters and lakes (Table 2) , and the presence of other organic substances would probably weaken those relations. In addition, Kings Bay, Lake Istokpoga, and Lake Hatchineha are shallow systems with abundant aquatic macrophytes, suggesting that the water column could have additional organics other than algal cells, which would only tend to lower the chlorophyll to volatile solids ratio for these freshwater systems. For the Missouri reservoirs, Jones and Hoyer (1982) showed a strong relation between volatile suspended solids and chlorophyll. These findings, and those above, all support the hypothesis that the chlorophyll to algal biomass ratio in the nearshore coastal waters is much less than that in Florida lakes.
Finally, we observed that average chlorophyll to biovolume ratios appear to be less in marine systems than in Florida lakes. Phlips et al. (1999) (Hoyer et al. 2001) , and Lake Istokpoga and Lake Hatchineha, Florida (Lamb 2000) ), and 53 Missouri reservoirs (Hoyer and Jones 1983) . Bay, sampled in four different seasons for 5 years. The average for these data was 0.0036 mg chlorophyll·mm -3 with a range of 0.0014 to 0.0076 mg chlorophyll·mm -3 . Similar to these values, Tolstoy (1979) reported the chlorophyll to biovolume ratios for four marine systems from the literature that averaged 0.0034 mg chlorophyll·mm -3 with a range of 0.0019 to 0.0063 mg chlorophyll·mm -3 . These average values are both less (by over 25%) than the average chlorophyll to biovolume ratio of 0.0049 mg chlorophyll·mm -3 reported for data from 165 Florida lakes (Canfield et al. 1985) and lend further support to the hypothesis above.
In conclusion, it appears that the general principles applied successfully to the control of eutrophication in freshwaters can be applied to coastal marine systems in Florida. In this study, we successfully developed models relating chlorophyll to nutrients and Secchi depth to chlorophyll using data from nearshore coastal waters of Florida. The models suggest that phosphorus is often the primary limiting factor for phytoplankton production in the nearshore coastal waters of Florida and that phosphorus can account for 81% of the variance in chlorophyll concentrations. The models also show that chlorophyll is the dominant factor determining Secchi depth in nearshore coastal waters of Florida and that chlorophyll can account for 68% of the variance in Secchi depth. Thus, these models are robust and should be useful for eutrophication management of marine systems.
The eutrophication models that we developed using data from nearshore coastal waters of Florida are similar to models developed for freshwater lakes in Florida, but the amount of chlorophyll per unit of phosphorus and Secchi depth per unit of chlorophyll are both significantly less. This suggests that the chlorophyll to biovolume ratios in the nearshore coastal waters of Florida are less than those in freshwater systems of Florida. Therefore, chlorophyll to phosphorus and Secchi depth to chlorophyll models developed for freshwater systems are probably ill suited for use in marine systems. Freshwater models used for prediction in nearshore coastal systems would overestimate chlorophyll based on phosphorus concentrations and overestimate Secchi depth based on chlorophyll concentrations.
